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The endoplasmic reticulum (ER) consists of tubules
that are shaped by the reticulons and DP1/Yop1p,
but how the tubules form an interconnected network
is unknown. Here, we show that mammalian atlas-
tins, which are dynamin-like, integral membrane
GTPases, interact with the tubule-shaping proteins.
The atlastins localize to the tubular ER and are re-
quired for proper network formation in vivo and
in vitro. Depletion of the atlastins or overexpression
of dominant-negative forms inhibits tubule intercon-
nections. The Sey1p GTPase in S. cerevisiae is likely
a functional ortholog of the atlastins; it shares the
same signature motifs and membrane topology
and interacts genetically and physically with the
tubule-shaping proteins. Cells simultaneously lack-
ing Sey1p and a tubule-shaping protein have ER
morphology defects. These results indicate that
formation of the tubular ER network depends on con-
served dynamin-like GTPases. Since atlastin-1muta-
tions cause a common form of hereditary spastic
paraplegia, we suggest ER-shaping defects as a neu-
ropathogenic mechanism.
INTRODUCTION
The atlastins comprise a family of highly related, integral
membrane GTPases (Zhao et al., 2001; Rismanchi et al., 2008;
Zhu et al., 2003). They belong to the dynamin family of GTPases
that associate with different intracellular membranes (for review,
see Praefcke and McMahon, 2004). The prototypical member of
this family, dynamin-1, is involved in vesicle budding from the
plasma membrane during clathrin-mediated endocytosis; dyna-
min-related proteins are also required for the fusion and fission of
mitochondria (Hoppins et al., 2007; Praefcke and McMahon,2004). The functions of the atlastins are largely unknown. Muta-
tions in atlastin-1 (SPG3A) are the second most frequent cause
of pure hereditary spastic paraplegia (HSP), and the most
common cause of early-onset HSP (for review, see Salinas
et al., 2008). The cardinal feature of these disorders is progres-
sive spasticity and weakness of the lower limbs due to
a length-dependent, retrograde axonopathy of the corticospinal
motor neurons. Pure forms of HSP are characterized by spastic
paraplegia alone, while additional neurological features are
present in complicated forms. The two other genes most
frequently associatedwith pureHSPencode for spastin, amicro-
tubule-severing ATPase, and REEP1 (Beetz et al., 2008), a
member of the DP1/Yop1p protein family involved in endo-
plasmic reticulum (ER) tubule formation (Voeltz et al., 2006).
Because atlastin-1 (ATL1) and REEP1 are both associated with
pure HSPs, this raises the possibility that the disease is caused
by ER morphology defects.
The ER is a continuousmembrane system that is comprised of
the inner and outer nuclear membranes as well as peripheral ER
sheets and a network of interconnected tubules (for review, see
Shibata et al., 2006). The ER network is very dynamic, with
tubules undergoing continuous fusion and fission to generate
and eliminate three-way junctions (Lee and Chen, 1988; for
review, see Du et al., 2004). Some insight has been gained into
how the tubular ER is generated and maintained. ER tubules
are frequently pulled out fromamembrane reservoir bymolecular
motors as they move along microtubules in mammalian cells or
along actin filaments in plant and yeast cells, or else tubules
canbepulledout by their associationwith the tipsofmicrotubules
or actin filaments as they grow by polymerization (Prinz et al.,
2000; Waterman-Storer and Salmon, 1998). However, the
tubules are ultimately stabilized by cytoskeleton-independent
mechanisms, since the alignment of membrane tubules with the
cytoskeleton is not perfect (Terasaki et al., 1986), and actin depo-
lymerization in yeastdoesnot result in thedisruptionof the tubular
network (Prinz et al., 2000). In addition, ER tubules can be gener-
ated in vitro through the fusion of small vesicles without involve-
ment of the cytoskeleton (Dreier and Rapoport, 2000).Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 549
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Figure 1. Interaction of ATL1 with Rtn4a in
Neuronal Cells
(A) Detergent extracts from rat brain or spinal
cord were incubated with peptide-specific anti-
bodies to ATL1. Where indicated, antibodies
were preincubated with the antigenic peptide.
Immunoprecipitated proteins were analyzed by
SDS-PAGE and Coomassie staining. Rtn4a was
identified by mass spectrometry (five distinct
peptides covering 74 of the 1163 amino acids).
An asterisk (*) indicates the position of the IgG
heavy chain. M, molecular mass standards (in
kDa).
(B) Proteins immunoprecipitated (IP) with ATL1
antibodies or control IgG were analyzed by immu-
noblotting (IB) with Rtn4a antibodies. Lanes 1 and
2 (loads) show 10%of the startingmaterial used for
immunoprecipitation.
(C) Proteins immunoprecipitated with Rtn4a anti-
bodies or control IgG were immunoblotted with
ATL1 antibodies. Lanes 1 and 2 (loads) contain
10% of the starting material used for the immuno-
precipitations.Two families of integral membrane proteins were recently
identified that appear to be responsible for shaping the tubular
ER (Voeltz et al., 2006). The first is the reticulons, comprising
four reticulon genes in mammals (RTN1–4) and two in yeast
(RTN1 and RTN2). The other family consists of the DP1/Yop1p
proteins, which includes six mammalian DP1/REEP genes and
the yeast ortholog YOP1. Members of both families are ubiqui-
tously expressed in all eukaryotes and localize predominantly
to the tubular ER (Voeltz et al., 2006). Their overexpression
renders the mammalian ER network resistant to the rearrange-
ment that follows microtubule depolymerization (Shibata et al.,
2008), and overexpression of certain reticulon isoforms leads
to long and unbranched tubules (Voeltz et al., 2006). Conversely,
the lack of reticulons and Yop1p in yeast results in the loss of
tubular ER (Voeltz et al., 2006). In addition, purified yeast
Rtn1p and Yop1p deform reconstituted proteoliposomes into
tubules (Hu et al., 2008). Together, these results indicate that
the reticulons and DP1/Yop1p are both necessary and sufficient
for ER tubule formation.
The reticulons andDP1/Yop1p do not share primary sequence
homology, but both have a conserved domain of 200 amino
acid residues, comprising two long hydrophobic segments that
sit in the membrane as hairpins (Voeltz et al., 2006). This domain
is also responsible for oligomerization of these proteins (Shibata
et al., 2008). The reticulons and DP1/Yop1p probably deform the
lipid bilayer into tubules through ‘‘wedging’’ and ‘‘scaffolding’’
mechanisms (Hu et al., 2008; Shibata et al., 2008). The double-
hairpin transmembrane segments may form a wedge that
occupies more space in the outer leaflet of the bilayer than in
the inner leaflet, thus generating high curvature that is character-
istic of cross-sections of tubules. Oligomerization of the reticu-
lons and DP1/Yop1p may generate arc-like structures that could
serve as scaffolds along the tubules. Although the reticulons and
DP1/Yop1p appear to be the minimal components required for
ER tubule formation, in vivo there are likely additional factors
that determine the shape of the ER network. These components
might be involved in forming branched interconnections or in550 Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc.modulating ER morphology during the cell cycle or in response
to external signals.
Here, we demonstrate that the atlastin GTPases interact with
the ER tubule-shaping proteins, the reticulons and DP1 and
provide evidence supporting a role for atlastins in the formation
of an interconnected tubular network. We propose the GTPase
Sey1p as a functional ortholog of the atlastins in S. cerevisiae,
since it has similar signature motifs and membrane topology,
interacts genetically and physically with the tubule-shaping
proteins, and is involved in ER network formation. These results
indicate that the morphology of the tubular ER network depends
on a ubiquitous class of dynamin-like, membrane-bound
GTPases and suggest that pure HSP may be caused by defects
in ER morphology.
RESULTS
Atlastins Interact with the Reticulons and DP1
An early indication that atlastins play a role in ER network forma-
tion came from experiments seeking to identify interaction part-
ners of the atlastins. We used detergent extracts from rat brain,
where the ATL1 isoform is abundantly expressed (Zhu et al.,
2003). The extracts were incubated with anti-peptide antibodies
against ATL1, and immunoprecipitated proteins were analyzed
by SDS-PAGE and Coomassie staining (Figure 1A, lane 2). A
small number of coprecipitated proteins were absent from
samples in which the antibodies were preincubated with the anti-
genic peptide (Figure 1A, lane 1). Mass spectrometry identified
reticulon 4a (Rtn4a) as an ATL1-interacting protein. This protein
was also found in similar pull-down experiments with extracts
from rat spinal cord (Figure 1A, lane 4).
To confirm the interaction of ATL1 and Rtn4a, we incubated
brain or spinal cord extracts with ATL1 antibodies, and we
resolved precipitated proteins by SDS-PAGE. Immunoblot anal-
ysis demonstrated that Rtn4a was coprecipitated (Figure 1B,
lanes 4 and 6; nonimmune IgG controls are shown in lanes 3
and 5), in contrast to two abundant control membrane proteins
(Figure S1 available online). Conversely, antibodies to Rtn4a co-
precipitated ATL1 (Figure 1C, lanes 4 and 6; controls in lanes 3
and 5). Together, these experiments show that ATL1 interacts
specifically with Rtn4a, an ER tubule-shaping protein.
To test whether ATL1 also interacts with other tubule-shaping
proteins,weperformedcotransfection experiments.Myc-tagged
ATL1 (Myc-ATL1) and hemagglutinin (HA)-tagged reticulon 3c
(HA-Rtn3c) were expressed either individually or together in
COS-7 cells, and cell extracts were subjected to immunoprecip-
itation. In cells expressing both proteins, HA antibodies precipi-
tated a fraction ofMyc-ATL1 (Figure 2A, lane 19) and, conversely,
Myc antibodies precipitated a fraction of HA-Rtn3c (Figure 2A,
lane 21). No coprecipitation was seen with control anti-FLAG
antibodies (Figure 2A, lane 17) or with extracts from cells ex-
pressing only one of the two proteins (Figure 2A, lanes 1–14).
Two unrelated, endogenous ERmembrane proteins (TRAPalpha
and calnexin) were not coprecipitated with either Myc or HA
antibodies (Figure 2A, bottom panel, and Figure S2A). Moreover,
when Myc-ATL1 or HA-Rtn3c was coexpressed with tagged
control ER membrane proteins, no interaction was detected
(Figures S2B–S2D). These experiments indicate that ATL1 inter-
acts specifically with Rtn3c, another isoform of the reticulon
family. Similar experiments demonstrated that ATL1 also inter-
acts with DP1, a member of the other tubule-shaping protein
family (Figure 2B, lanes 3 and 5). Furthermore, a Myc-tagged
version of another atlastin isoform, ATL2, also interacted with
HA-Rtn3c and HA-DP1 (Figures S3A and S3B). Together, these
experiments suggest that the atlastins interact generally with
ER tubule-shaping proteins. Although these proteins could
interact indirectly through another protein, it seems more likely
that they bind directly to one another because the interactions
can be observed when both partners are highly expressed.
Next, we tested whether the atlastins interact with the reticu-
lons through the conserved reticulon homology domain. This
was suggested by the fact that Rtn3c contains a relatively small
cytoplasmic N terminus preceding this domain. Indeed, when
the cytoplasmic N terminus was deleted from Rtn4a, leaving
only the reticulon homology domain (Rtn4HD), the interaction
with ATL1 was maintained (Figure 2C, lanes 3 and 5). Con-
versely, the cytoplasmic domain of Rtn4a (cytRtn4a) did not
interact with ATL1 (Figure 2D, lanes 3 and 5). Because the retic-
ulon homology domain harbors the two hairpin membrane
anchors, these data suggest that the reticulon-atlastin interac-
tions occur within the membrane. Consistent with this proposal,
DP1 has only short hydrophilic segments outside of its hydro-
phobic double-hairpin structure, yet can interact with the
atlastins.
An intramembrane interaction is supported by the observation
that the C-terminal domains of ATL1–3 (ATL1-TM, ATL2-TM, and
ATL3-TM), which each harbor two closely spaced transmem-
brane segments, are sufficient to bind Rtn3c or DP1 (Figure 2E,
lanes 3 and 5, and Figures S4A and S4B). The large N-terminal
cytoplasmic domains of the atlastins (cytATLs) did not bind
Rtn3c or DP1 (Figure S5). Thus, the two transmembrane
segments of the atlastins likely interact with the double-hairpin
membrane anchors of the reticulons and DP1. Consistent with
this model, the nucleotide state of the atlastins did not affect
the interaction; an ATL1 mutant defective in GTP binding (ATL1K80A; corresponding to K44A in dynamin-1) associated equally
as well as wild-type ATL1 with DP1 (Figure 2B, lanes 8 and 10),
Rtn4HD (Figure 2C, lanes 8 and 10), and Rtn3c (data not shown).
Atlastins Localize to and Affect the Tubular ER
Because the reticulons and DP1 localize specifically to the
tubular ER and are absent from ER sheet structures (Voeltz
et al., 2006), we tested whether the atlastins have a similar
localization. Indeed, when Myc-ATL1was expressed at low or
moderate levels in COS-7 cells, it wasmostly found in the tubular
ER (Figure 3A). Very little protein was seen in peripheral ER
sheets, but in some cells low levels were observed in the nuclear
envelope, unlike the reticulons or DP1, which were totally
excluded (Voeltz et al., 2006). Similar results were obtained
with Myc-ATL2 and Myc-ATL3 (Figure S6). The Myc-tagged
C-terminal domains of the atlastins (ATL-TMs) also localized to
the tubular ER (shown for Myc-ATL1-TM in Figure S7), indicating
that the two closely spaced membrane anchors are sufficient for
targeting. Our data indicate that all atlastins localize predomi-
nantly to the ER, consistent with their ER retrieval motif at the
C terminus (Rismanchi et al., 2008), although in neuronal cells,
atlastin-1 was also found in the cis-Golgi and vesicular tubular
clusters (Zhu et al., 2003, 2006).
A role for atlastins in shaping the tubular ER network is sug-
gested by overexpression experiments. When wild-type ATL1
was highly expressed, ER morphology was drastically altered,
with aberrant sheet-like structures in essentially all highly ex-
pressing cells (Figures 3B, 3E, and S8). In contrast, overexpres-
sion of the GTP-binding mutant of ATL1, Myc-ATL1 K80A, led to
long, unbranched ER tubules (Figures 3C and 3E); again, the
phenotype correlated with the expression level (Figure S8). As
in wild-type cells, the ER tubules did not coalign completely
with microtubules (data not shown). Long, unbranched ER
tubules were also observed when a Myc-tagged version of an
HSP-causing ATL1 mutant (Myc-ATL1 R217Q) was overex-
pressed (data not shown). Although the unbranched ER pheno-
type was previously observed in HeLa cells (Rismanchi et al.,
2008), moderate alterations of Golgi morphology were also
seen. The latter changes are probably indirect because only
slight, if any, alterations of the Golgi were seen in similar exper-
iments in COS-7 cells (Figure S9A). Mitochondrial morphology
and distribution were also unchanged (Figure S9B).
The unbranched ER phenotype is similar to that seen upon
overexpression of a GFP fusion of Rtn4a (Voeltz et al., 2006) (Fig-
ure 3E). The unbranched tubules generated by Myc-ATL1 K80A
contain endogenous reticulons (data not shown). In addition,
whenMyc-ATL1 K80A was coexpressed with GFP-Rtn3c, which
by itself does not perturb the tubular ER network, both proteins
colocalized to long, unbranched ER tubules (Figure S10). The
unbranched tubule phenotype was also observed when the
N-terminal cytoplasmic domain of ATL1 or of the K80A mutant
was overexpressed (Figures 3D and S11A), as well as when
a Myc-tagged version of the membrane-embedded domain of
an atlastin was highly expressed (shown for Myc-ATL3-TM in
Figure S11B). These results indicate that the atlastins can modu-
late the structure of the ER network. The experiments with full-
length ATL1 further suggest that GTP binding is required to
form interconnections of the tubular ER.Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 551
Figure 2. ATL1 Interacts with the Reticulons and DP1
(A) Myc-ATL1 and HA-Rtn3c were expressed either individually or together in COS-7 cells. Digitonin extracts were used for immunoprecipitation (IP) with anti-HA,
anti-Myc, or anti-FLAG antibodies. Ten percent of the startingmaterial (load) and of thematerial not bound to the antibodies (unbound), as well as the precipitates,
were analyzed by SDS-PAGE and immunoblotting (IB) with anti-HA or anti-Myc antibodies. As a control, the blot was also probed with antibodies to the integral
ER membrane protein TRAPalpha.
(B) Myc-ATL1 or Myc-ATL1 K80A was expressed together with HA-tagged DP1 (HA-DP1) in COS-7 cells. Immunoprecipitation was performed as in (A).
(C) As in (B), but with COS-7 cells expressing Myc-ATL1 and the HA-tagged reticulon homology domain of Rtn4a (HA-Rtn4HD).
(D) As in (B), but with cells expressing Myc-ATL1 and the HA-tagged N-terminal, cytoplasmic segment of Rtn4a (HA-cytRtn4a).
(E) As in (B), but with cells expressing the transmembrane domain of ATL1 (Myc-ATL1TM) and HA-Rtn3c.The depletion of atlastins also caused defects in the branching
of ER tubules. When siRNA was used to deplete atlastin-2 and
atlastin-3, the predominant isoforms in HeLa cells (Rismanchi552 Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc.et al., 2008) (Figure 4A), long, unbranched ER tubules were
observed (Figures 4B and 4C). The Golgi was somewhat frag-
mented, as reported previously (Rismanchi et al., 2008), but
the morphologies of mitochondria and lysosomes were unal-
tered (Figure S12). The unbranched ER morphology is reminis-
cent of that generated upon overexpression of ATL mutants
(Figures 3C and 3D). The mutants thus seem to have a domi-
nant-negative effect. Taken together, these results indicate
that both overexpression and depletion of the atlastins inhibit
the formation of interconnections between ER tubules.
Atlastins Function in ER Network Formation In Vitro
To test whether the atlastins have a direct role in ER network
formation, we used a previously established in vitro assay (Dreier
and Rapoport, 2000). When a membrane fraction derived from
Xenopus laevis egg extracts is incubated at room temperature
in the presence of GTP, small vesicles fuse to generate an elab-
orate ER network (Dreier and Rapoport, 2000; see also Fig-
ure S13A). When these membrane vesicles were preincubated
with affinity-purified antibodies that recognize all atlastin iso-
forms in Xenopus (Figure S13B), network formation was severely
inhibited (Figure 5). A similar effect had previously been ob-
served with antibodies against Rtn4a (Voeltz et al., 2006). We
therefore conclude that the atlastins function directly in ER
network formation, perhaps explaining the GTP requirement for
the in vitro assay. These data also indicate that the atlastins
affect ER morphology in organisms other than mammals.
A Yeast GTPase Is Similar to the Atlastins
Although atlastin homologs appear to exist in all metazoans,
including D. melanogaster and C. elegans, no obvious
sequence-related protein could be detected in S. cerevisiae.
However, a yeast GTPase, Sey1p, was identified as a putative
functional ortholog. While every metazoan has atlastin-related
proteins, all other eukaryotes have Sey1p homologs; no
organism seems to have both, consistent with the notion that
these GTPases have the same function. Like the atlastins,
Sey1p is predicted to have two hydrophobic transmembrane
segments close to the C terminus (Figure 6A). These likely form
a hairpin structure, with only three residues on the luminal side
of the ER membrane. The GTPase domain of Sey1p contains
the signature motifs characteristic of dynamin GTPases (G1,
G2, andG3; Figure 6B).However, theatlastins, Sey1pand itsAra-
bidopsis ortholog root hair defective 3 (RHD3), as well as the
mammalian guanylate-binding proteins (GBPs), form a distinct
subclass that has a G4 motif comprising three hydrophobic
residues preceding an Arg-Asp (RD) sequence (Figure 6B).
Sey1p was originally identified in genetic screens for mutants
that have a synthetic growth defect in conjunction with deletion
of Yop1p, the yeast ortholog of the tubule-shaping protein DP1
(hence the name synthetic enhancer of Yop1p) (Brands and Ho,
2002). A large-scale screen for genetic interaction partners also
demonstrated synthetic effects of yop1 and sey1 deletions
(Schuldiner et al., 2005). In our strain background, a sey1Dyop1D
double-deletion mutant only grew more slowly than the single-
deletion mutants in high-osmolarity medium (Figure S14). These
genetic interactions suggest that, like the atlastins, Sey1p may
function in ER network formation in yeast.
Consistent with the genetic interactions, a Sey1p-GFP fusion,
expressed from aCENplasmid under the endogenous promoter,
localized to the ER (Figure 6C). The fusion protein was somewhatenriched in the cortical ER (Figure 6C), although not as much as
the reticulons and Yop1p (Voeltz et al., 2006). Interestingly, the
protein appeared to be concentrated in punctae along the ER
tubules, sometimes at three-way junctions of tubules. When
the Sey1p-GFP fusion was expressed from the chromosome,
the protein also localized to the ER and showed punctate stain-
ing (data not shown), but the labeling was very weak, probably
reflecting the low abundance of Sey1p (Ghaemmaghami et al.,
2003).
To test whether Sey1p physically interacts with Yop1p, we
used a sey1Dyop1D yeast strain and expressed epitope-tagged
versions of both proteins under endogenous promoters on
a CEN plasmid. When HA-Sey1p was precipitated with HA anti-
bodies, Yop1p-FLAG was coprecipitated (Figure 6D, lane 24).
Conversely, when Yop1p-FLAG was precipitated with FLAG
antibodies, HA-Sey1p was coprecipitated (Figure 6D, lane 14).
Thus, Sey1p and Yop1p interact with one another, as the atlas-
tins and DP1 do inmammals. Similar results were obtained when
the interaction of HA-Sey1p and Rtn1p-Myc was tested in
a strain lacking endogenous Sey1p and Rtn1p (Figure 6E, lanes
11 and 19). To determine whether GTP binding to Sey1p is
important for its interaction with Yop1p andRtn1p, we generated
a mutant in Sey1p (Sey1p K50A), equivalent to ATL1 K80A. The
purified GTPase domain of this mutant was indeed inactive
(Figure S15). The full-length Sey1p K50A mutant showed undi-
minished interaction with Yop1p and Rtn1p (Figure 6D, lanes
15 and 25; Figure 6E, lanes 12 and 20), indicating that, as for
the atlastins, GTP binding is not required for interaction with
the tubule-shaping proteins. Together, these results indicate
that Sey1p shares not only structural features and ER localization
with the atlastins, but also interactions with ER tubule-shaping
proteins.
Sey1p and Rtn1p/Yop1p Cooperate in Maintaining
ER Morphology
To test whether Sey1p plays a role in maintaining ER
morphology, we expressed a GFP fusion to the ER protein
Sec63p (Sec63-GFP) in various deletion strains. Fluorescence
microcopy was used to visualize the nuclear envelope and
cortical ER by focusing the microscope on the center or
periphery of the cell, respectively. In yeast lacking only Sey1p,
the ER resembled that in wild-type cells (Figure 7A versus Fig-
ure 6C), comparable to observations made previously for single
deletions of Rtn1p or Yop1p (Voeltz et al., 2006). The sheet-like
nuclear envelope appeared to be normal, and the reticular,
cortical ER morphology was maintained, although in some cells
the network consisted of fewer tubules. In cells lacking both
Sey1p and Rtn1p, the cortical ER was severely perturbed
(Figure 7B); most cells lacked the tubular network and instead
showed aberrant structures (Figure 7F). Similar results were ob-
tained with cells lacking Sey1p and Yop1p (Figures 7C and 7F).
In this case, the buds of many cells contained only patches of
cortical ER, prefiguring a defect in ER inheritance. As expected,
expression of wild-type Sey1p from a CEN plasmid rescued the
ER morphology defects seen in the double-deletion mutants
(Figures 7D and 7F). On the other hand, expression of the
GTP-binding mutant Sey1p K50A did not rescue the ER
morphology defect (Figures 7E and 7F). Together, these resultsCell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 553
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Figure 4. Depletion of the Atlastins Leads to
Unbranched ER Tubules
(A) HeLa cells were transfected with siRNA oligo-
nucleotides directed against ATL2 and ATL3 (ATL
DKD) or with control siRNA. ATL2 and ATL3
protein levels were then determined by immuno-
blotting. PLCg levels were monitored as a loading
control.
(B) HeLa cells depleted or not depleted for ATL2
and ATL3 were transfected with GFP-Sec61b
and visualized by fluorescence confocal micros-
copy. The scale bar represents 10 mm.
(C) The number of cells displaying the
‘‘unbranched tubule’’ phenotype (lower panel in
B) was quantitated as a percentage relative to
the total number of cells (means ± SD from three
different experiments, with 100 cells per experi-
ment). p < 0.02.indicate that Sey1p cooperates with Rtn1p and Yop1p to main-
tain the structure of the tubular ER. In addition, GTP binding by
Sey1p is required for its function.
DISCUSSION
Our results provide evidence that a class of dynamin-related,
membrane-bound GTPases functions in the formation of the
tubular ER network. We show that the mammalian atlastins
interact with the previously identified tubule-shaping proteins of
the reticulon andDP1 families, and that overexpression or deple-
tion of the atlastins changes the morphology of the tubular
ERnetwork. Specifically, both depletion of the atlastins and over-
expression of dominant-negativemutants inhibited the formation
of tubule interconnections. Experiments with an established
in vitro assay confirm that the atlastins play a direct role in ER
network formation. We also identified a likely functional ortholog
of the atlastins in yeast, Sey1p, which belongs to the same class
of dynamin-related GTPases and, like the atlastins, has two
closely spaced transmembrane segments at its C terminus.
Sey1p preferentially localizes to the ER, interacts genetically
and physically with the tubule-shaping proteins, and cooperates
with them to maintain the morphology of the tubular ER. These
results indicate that membrane-bound GTPases are involved in
shaping the ER network, and they have important implications
for the pathogenesis of the HSPs.Previous work had suggested that the reticulons and DP1/
Yop1p proteins play a major role in generating ER tubules (Hu
et al., 2008; Shibata et al., 2008; Voeltz et al., 2006). Our new
data now indicate that these proteins collaborate with the atlas-
tin/Sey1p GTPases to generate the tubular ER network. Sey1p is
much less abundant than Rtn1p or Yop1p in yeast cells (2,300
versus 37,000 molecules) (Ghaemmaghami et al., 2003), sug-
gesting that the reticulons and DP1/Yop1p are the main struc-
tural components that shape ER tubules. The fact that Sey1p
and Rtn1p/Yop1p deletions in yeast have synergistic effects
could indicate that these proteins function in parallel pathways
of ER tubule formation. However, given the physical interaction
of the reticulons and DP1/Yop1p with the atlastins/Sey1p, it
appears more likely that they cooperate in the formation of the
tubular ER network.
In principle, the atlastins and Sey1p could simply regulate the
function of the reticulons and DP1/Yop1p. For example, our
observation that the depletion of the atlastins results in the
generation of long, unbranched ER tubules might be interpreted
as excessive tubulation of ERmembranes, which in turn could be
caused by excessive oligomerization of the reticulons and DP1.
In this scenario, the atlastin and Sey1p GTPases would be
required for disassembly of these oligomers. However, this
would mean that the tubule-shaping proteins and Sey1p have
opposing effects on ER network formation, which does not fit
with the genetic synergism seen in yeast. In addition, deletionFigure 3. ATL1 Localizes to the Tubular ER and Alters ER Morphology upon Overexpression
(A) Myc-ATL1 was expressed in COS-7 cells. Its localization was identified with anti-Myc antibodies (green) and compared to that of an endogenous luminal ER
protein, calreticulin (red), with indirect immunofluorescence and confocal microscopy. The lower panels show an enlargement of the boxed region centered on ER
sheets. The scale bar represents 10 mm.
(B) As in (A), but a cell is shown with particularly high expression of Myc-ATL1. ER sheets are aberrant.
(C) As in (A), but with cells expressing the GTP-binding mutant Myc-ATL1 K80A. Shown is a cell with an unbranched ER tubule phenotype.
(D)As in (A), butwithcells expressingaMyc-ATL1construct that containsonly theN-terminal cytoplasmicdomain (Myc-cytATL1).Cells alsoexpressedaRFP-tagged
version of the ER protein Sec61b (red) and were then stained with Myc and calreticulin (green) antibodies. Shown is a cell with an unbranched ER tubule phenotype.
(E) Myc-ATL1, Myc-ATL1 K80A, Myc-ATL1 R217Q, GFP-Sec61b, or GFP-Rtn4a were expressed in COS-7 cells, and the percentage of cells with normal ER, with
aberrant sheet-like ER structures, or with unbranched tubules was determined. Means ± standard errors were calculated from three different samples of each
transfection (200–500 cells per sample).Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 555
of Sey1p in yeast does not change the mobility of Rtn1-GFP in
fluorescence recovery after photobleaching experiments or the
sedimentation behavior of Yop1p-FLAG in sucrose gradient
centrifugation experiments (data not shown). Thus, there is
currently no evidence that the atlastin/Sey1p GTPases directly
regulate the tubule-shaping properties of the reticulons and
DP1/Yop1p.
We therefore favor the idea that the atlastins and Sey1p
directly affect branching of the ER tubules, likely by promoting
their fusion or fission. This idea is supported by analogy to other
members of the dynamin family of GTPases. Dynamin-1 causes
membrane fission during endocytosis by forming short spirals
around the neck of budding vesicles in a GTP-dependent
manner (Bashkirov et al., 2008; Marks et al., 2001; Pucadyil
and Schmid, 2008; Sweitzer and Hinshaw, 1998; Takei et al.,
1995). While this suggests that the atlastin/Sey1p proteins are
involved in fission, they are structurally more similar to the mito-
fusin/Fzo1p proteins. These are dynamin-like GTPases of the
outer mitochondrial membrane that contain two closely spaced
transmembrane segments and are implicated in the fusion of
the tubular mitochondria (Chen et al., 2003; Hermann et al.,
1998). A role for the atlastins in the fusion of ER tubules would
also be more consistent with the observation that their absence
leads to fewer three-way junctions, and the atlastins may be the
best candidates to directly mediate homotypic ER fusion.
Regardless of whether the atlastins function in fission or fusion,
they may generate high local membrane curvature. In fact, the
narrow spirals formed by dynamin-1 are thought to cause
membrane stress that eventually results in fission (Bashkirov
et al., 2008), and the mitofusins/Fzo1p could cause fusion if
they generated tubules with exposed, strongly curved tips that
are expected to be highly fusogenic (Praefcke and McMahon,
2004; Chernomordik and Kozlov, 2008). We therefore propose
that all dynamin family proteins, including the atlastins and
Sey1p, deform the lipid bilayer, a general property that is ex-
ploited in endocytosis, mitochondrial morphology, and—as
demonstrated here—ER morphology.
As expected for members of the dynamin family, GTP binding
is required for the function of the atlastins and Sey1p. A GTP-
binding mutant of ATL1 had a dominant-negative effect on ER
tubule connections. Because the atlastins form oligomers (Ris-
manchi et al., 2008; Zhu et al., 2003), it is likely that the mutant
Figure 5. Atlastin Antibodies Inhibit ER Network
Formation In Vitro
Membranes from Xenopus eggs were preincubated for 60 min
with increasing concentrations of affinity-purified, pan-ATL
antibodies or with control IgG. GTP was then added, and
network formation was visualized by fluorescence microscopy
after staining with octadecyl rhodamine. The scale bar repre-
sents 20 mm.
proteins associate with wild-type ATL1 and prevent
it from properly functioning. This model could also
explain the dominant-negative effect of the cyto-
solic domains of the atlastins.
Why might the membrane-bound atlastin/Sey1p
GTPases physically interact and cooperate with
the reticulons and DP1/Yop1p in ER network formation? One
possibility is that the reticulons and DP1/Yop1p are responsible
for shaping ER tubules, both by generating the high curvature
seen in cross-section and by scaffolding the tubules. Thus, the
GTPases would associate with the reticulons and DP1/Yop1p
at certain points along the tubules. After GTP-dependent confor-
mational changes, they would further destabilize the bilayer,
which in turn could lead to membrane remodeling. A similar
model may apply to dynamin-1 during endocytosis, as it also
interacts with the curvature-generating proteins sorting nexin
9, amphiphysin, and endophilin (Grabs et al., 1997; Ringstad
et al., 1997; Soulet et al., 2005).
The interaction of the atlastins/Sey1p with the reticulons and
DP1/Yop1p appears to occur within the membrane. Previous
results showed that the reticulon and DP1/Yop1p domains that
include the double-hairpin transmembrane segments are
responsible for their propensity to form tubules in vitro (Hu
et al., 2008), for their oligomerization, and for the localization of
these proteins to the tubular ER (Shibata et al., 2008). We now
show that these domains are also responsible for the interaction
with the membrane-bound atlastin/Sey1p GTPases. These
GTPases interact through their two C-terminal transmembrane
segments that are predicted to form a hairpin-like structure in
themembrane. Because this hairpin structure localizes the atlas-
tins to the high-curvature ER tubules, hairpin-shaped membrane
anchors might generally be used to partition proteins to high-
curvature membranes. Sey1p is much less abundant than the
tubule-shaping proteins in yeast, so it seems possible that the
GTPase associates at distinct sites with reticulon and DP1/
Yop1p oligomers, consistent with its observed punctate staining
along ER tubules. The GTPases could then cause fission or
fusion of ER tubules at these sites, either directly or in conjunc-
tion with other proteins. The activity of the GTPases is probably
tightly regulated, as too much or too little fission or fusion would
be expected to cause ER morphology defects, consistent with
the observed effects of atlastin overexpression and depletion.
While depletion of atlastins in mammalian cells resulted in
unbranched ER tubules, the deletion of SEY1 in S. cerevisiae
had a subtler phenotype. In some cells fewer tubules were
seen, perhaps indicating a branching defect, but a network
was still maintained. Thus, Sey1p is not essential for ER
network formation, suggesting that yeast cells have additional556 Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc.
Figure 6. Sey1p, a Yeast GTPase Structurally Similar to the Atlastins
(A) Predicted membrane topology of Sey1p.
(B) Signature motifs of the GTPase domains of the Sey1p/atlastin family. G1, G2, and G3motifs shared with dynamin-1 are shown in orange, and the divergent G4
motifs of the Sey1p/atlastin family and of dynamin-1 are shown in yellow and green, respectively. The atlastins, GBP1, and dynamin-1 are human forms, Sey1p is
from S. cerevisiae (S. c.), and RHD3 is from Arabidopsis thaliana (A. t.). Residue numbers shown are for atlastin-1 and Sey1p.
(C) Sey1p-GFP was expressed under the endogenous promoter from a CEN plasmid together with RFP targeted to the ER lumen (ss-RFP-HDEL). Proteins were
visualized by fluorescence microscopy, focusing either at the center or periphery of the cells. The scale bar represents 1 mm.
(D) HA-Sey1p and Yop1p-FLAGwere coexpressed individually or together under their endogenous promoters on CEN plasmids in a sey1Dyop1D strain. Proteins
were immunoprecipitated (IP) from cell lysates with HA or FLAG antibodies, separated by SDS-PAGE, and analyzed by immunoblotting (IB) with HA or FLAG
antibodies. Similar experiments were also performed with a Sey1p mutant (Sey1p K50A) that is defective in GTP binding.
(E) As in (D), except that HA-Sey1p and Myc-tagged Rtn1p (Rtn1p-Myc) were expressed individually or together in a sey1Drtn1D strain, and Myc-epitope anti-
bodies were used.mechanisms that promote fission and fusion of ER tubules. The
situation in plants appears to be more similar to that seen with
the mammalian atlastins, since mutants of the atlastin/Sey1p or-
tholog in Arabidopsis, RHD3, have abnormal ER morphologycharacterized by unbranched bundles of ER tubules (Zheng
et al., 2004). RHD3 is expressed in all plant cells, but the pheno-
type of mutants is most pronounced in root hairs, which are ER-
containing tubular processes of root epidermal cells, similar toCell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 557
neurites in neuronal cells (Wang et al., 1997). RHD3 mutants
exhibit short and wavy root hairs (Schiefelbein and Somerville,
1990), reminiscent of the shortened axons in neurons depleted
of atlastin-1 (Zhu et al., 2006). These data suggest that RHD3
is involved in the maintenance of the ER network in plants, and
that mutants in RHD3most severely affect cells with long protru-
sions that likely rely most stringently on proper ER network
morphology.
Our results suggest that a defect in ER network formation may
underlie some of the most common forms of HSP. Mutations in
Figure 7. Sey1p and Rtn1p/Yop1p Cooperate in Main-
taining ER Morphology in S. cerevisiae
(A) A GFP fusion of the ER protein Sec63p was expressed in
cells lacking Sey1p (sey1D). The localization of the protein
was determined by fluorescence microscopy, with the micro-
scope focused either at the center or the periphery of the
cell. The scale bar represents 1 mm.
(B) As in (A), but with cells lacking both Sey1p and Rtn1p
(sey1Drtn1D).
(C) As in (A), but with cells lacking both Sey1p and Yop1p
(sey1Dyop1D).
(D) As in (C), but with cells expressing wild-type Sey1p from
a CEN plasmid.
(E) As in (C), but with cells expressing a GTP-binding mutant of
Sey1p (Sey1p K50A) from a CEN plasmid.
(F) The percentage of cells with abnormal ER was determined
from 20–40 cells per mutant. The small percentage of cells with
abnormal ER in (D) likely reflects loss of the plasmid.
ATL1 cause the most frequent early-onset HSP,
SPG3A. Because many mutations affect the
GTPase activity of ATL1 (Zhu et al., 2006) and the
overexpression of some disease-causing mutants
in cultured cells results in the formation of long,
unbranched ER tubules (Rismanchi et al. [2008]
and this paper), it is possible that SPG3A is caused
by ER morphology defects. SPG3A mutations are
autosomal dominant (Zhao et al., 2001), consistent
with suggestions that the mutant ATL1 proteins
associate with wild-type ATL1 and perturb its func-
tion (Rismanchi et al., 2008). This idea is also
consistent with our observations that the overex-
pression of a GTP-binding mutant of ATL1 has the
same phenotype as seen upon depletion of the at-
lastins. Similar to explanations for why RHD3muta-
tions affect most prominently root hairs in plants,
one might expect that ER network integrity is of
particular importance for the development or main-
tenance of corticospinal motor neurons, whose
axons can reach a length of one meter. An alterna-
tive model in which the SPG3A HSP is caused by
defects in axonal vesicle transport appears less
likely (Namekawa et al., 2007), because recent
experiments show that vesicular traffic in tissue
culture cells is not inhibited when atlastins are
depleted or when mutant forms are expressed (Ris-
manchi et al., 2008). Because in these experiments
some changes of Golgi morphology were observed,
and because some atlastin-1 was localized to the cis-Golgi, it is
conceivable that the atlastins also have a role in compartments
other than the ER. However, the interactions of the atlastins
with the ER resident reticulons and DP1, as well as their promi-
nent role in ER morphology, make it more likely that any effect
on other organelles is indirect.
Two other proteins whose mutations frequently cause HSP
may also affect ER network formation. The SPG4 protein spastin,
mutations of which cause about 40% of pure HSP, is a microtu-
bule-severing ATPase (for review, see Salinas et al., 2008). The558 Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc.
longer isoform of spastin is enriched in cerebral cortex and spinal
cord and localizes to the ER (Connell et al., 2009). It interacts with
the atlastins through anN-terminal domain that includes a hydro-
phobic transmembrane segment (Sanderson et al., 2006; Evans
et al., 2006). Interestingly, spastin has also been shown to
interact in yeast two-hybrid assays with the reticulons (Mannan
et al., 2006), providing a potential direct link to ER-shaping
proteins. Mechanistically, spastin mutants could cause defects
in microtubule dynamics, which in turn could destabilize ER
tubules. Mutations in REEP1 (SPG31) (Beetz et al., 2008),
a member of the DP1/Yop1p family of tubule-shaping proteins
(Saito et al., 2004; Voeltz et al., 2006), could affect the shape
of the ER tubules directly. Although REEP1 has been reported
to localize to mitochondria (Zu¨chner et al., 2006), our recent
data support an ER localization (data not shown), as for all other
members of the family. Since SPG3A, SPG4, and SPG31 collec-
tively account for well over 50% of all HSP cases (Salinas et al.,
2008), defects in ER network formation may be the predominant
neuropathogenic mechanism underlying these disorders.
EXPERIMENTAL PROCEDURES
Mammalian DNA Constructs
HA-DP1, HA-Rtn3c, and GFP-Rtn3c constructs were described previously
(Shibata et al., 2008; Voeltz et al., 2006). HA-Rtn4HD was modified from
GFP-Rtn4HD (Shibata et al., 2008) and inserted into pcDNA3.1D (Invitrogen).
For HA-cytRtn4a, the region encoding amino acids 1–960 was PCR amplified
from human Rtn4a-Myc (Voeltz et al., 2006) and inserted into pcDNA3.1D
(Invitrogen). GFP-Rtn4a was generated fromRtn4a-Myc in pACGFP-C1 (Clon-
tech). Myc-ATL1, Myc-ATL1K80A, Myc-ATL1R217Q, Myc-ATL2, Myc-ATL3,
Myc-ATL1-TM, Myc-ATL2-TM, Myc-ATL3-TM, Myc-cytATL1, Myc-cytATL2,
and Myc-cytATL3 were described previously (Rismanchi et al., 2008).
Myc-cytATL1 K80A was generated by site-directed mutagenesis from
Myc-cytATL1. RFP- and GFP-Sec61b were described previously (Shibata
et al., 2008).
Brain Tissue Immunoprecipitations and Mass Spectrometry
Tissue lysates were prepared from adult Sprague-Dawley rats. Dissected
spinal cord and brain were homogenized in phosphate-buffered saline (PBS)
with 2 mM EDTA, 1 mM EGTA, 0.5% CHAPS, and protease inhibitor cocktail
(Sigma-Aldrich) and centrifuged at 20,000 3 g for 30 min. The supernatant
was incubated with 14 mg of anti-atlastin-1 antibodies (#5409; Zhu et al.
[2003]) or control rabbit IgG and 30 ml protein A agarose beads at 4C over-
night. Where indicated, the antibody was preincubated with immunogenic
peptide (0.25 mM). Beads were washed twice in PBS with 2 mM EDTA,
1 mM EGTA, and 0.5% CHAPS, and then twice in PBS with 2 mM EDTA and
1mM EGTA. Proteins were resolved by SDS-PAGE and stained with Coomas-
sie blue, and specific bands were excised and analyzed by matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry. In
some experiments, extracts were immunoprecipitated with anti-Rtn4a anti-
bodies. Immunoprecipitated proteins were resolved by SDS-PAGE and immu-
noblotted with the following antibodies: mouse monoclonal anti-TrkB (clone
47, BD Biosciences), rabbit polyclonal anti-calnexin (StressGen), or mouse
monoclonal anti-Rtn4a (clone 17, BD Biosciences).
Mammalian Tissue Culture, Transfections,
and Coimmunoprecipitation
Cells were maintained at 37C with 5% CO2 in DMEM containing 10% fetal
bovine serum and passaged every 2–3 days. For coimmunoprecipitation
experiments, 60%–70% confluent cells were transfected with various expres-
sion constructs using Lipofectamine 2000 (Invitrogen) and harvested 24–36 hr
later in HKM buffer (25 mMHEPES [pH 7.4], 150 mMpotassium acetate, 2 mM
magnesium acetate, and protease inhibitors) containing 1% digitonin (Calbio-chem). Extracts were incubated at 4C for 1 hr, and insoluble material was
cleared by centrifugation for 10 min at 18,000 3 g. Extracts were precleared
with protein G-conjugated Sepharose beads (GE Healthcare) and incubated
with mouse anti-FLAG (clone M2, Sigma-Aldrich), rat anti-HA (clone 3F10,
Roche), or mouse anti-Myc (clone 9E10, Sigma-Aldrich) antibodies at 4C,
and protein-antibody complexes were precipitated with protein G beads.
Samples were separated by SDS-PAGE and analyzed by immunoblotting.
Immunoblots were imaged with a Fuji-LAS 3000 system.
Immunofluorescence and Confocal Microscopy
Indirect immunofluorescence of paraformaldehyde-fixed COS-7 and HeLa
cells was described previously (Shibata et al., 2008; Rismanchi et al., 2008).
Transfected cells were grown on coverslips and immunostained with anti-
HA, anti-Myc, and polyclonal anti-calreticulin (Abcam) primary antibodies
and various Alexa Fluor-conjugated secondary antibodies (Invitrogen). Small
interfering RNA (siRNA) studies for ATL2 and ATL3 in HeLa cells were per-
formed as described previously (Rismanchi et al., 2008), except that cells
were treated for 72 hr with the oligonucleotides (150 nM) and the ER was visu-
alized after retransfection with GFP-Sec61b 48 hr after the siRNA transfection.
These cells were immunostained with mouse monoclonal anti-GM130 (clone
35, BD Biosciences), anti-cytochrome c (6H2.B4, BD Biosciences), or anti-
LAMP1 (H4A3, SouthernBiotech) antibodies. Imageswere captured on aYoko-
gawa spinning-disk confocal on a Nikon TE2000U inverted microscope with
a 1003 Plan Apo NA 1.4 objective lens, a Hamamatsu ORCA ER cooled CCD
camera, andMetaMorph 7.0 software, or else a Zeiss LSM510 confocal micro-
scope with a 633 1.4 NA Plan-APOCHROMAT lens, with image acquisition
using LSM510 version 3.2 SP2 software (Carl Zeiss Microimaging). Brightness
and contrast were adjusted across the entire image with Adobe Photoshop.
In Vitro ER Network Formation
Membrane fractions of Xenopus eggs were prepared as described previously
(Dreier and Rapoport, 2000). Network formation was carried out at 25C for
60 min in 50 mM HEPES (pH 7.7), 200 mM KCl, 2.5 mM MgCl2, 250 mM
sucrose, 1 mM DTT, 1 mM ATP, and 0.5 mM GTP. A pan-atlastin antibody
against a region common to all Xenopus atlastins (#6944; Rismanchi et al.
[2008]) was affinity purified and used in the network formation test. Nonim-
mune rabbit IgG (Sigma-Aldrich) was used as a control. Fluorescence micros-
copy was performed after octadecyl rhodamine staining.
S. cerevisiae Strains and Constructs
The Sey1p deletion strain (BY4741 sey1D::kanMX4) was purchased fromOpen
Biosystems. The following strains were also used: BY4741 (MATa his3D1
leu2D met15D ura3D), BY4742 (MATalpha his3D1 leu2D lys2D ura3D),
JHY15 (BY4741 SEY1-GFP:kanMX4), JHY1 (BY4742 yop1D::HIS3MX6),
JHY4 (BY4741 sey1D::kanMX4 yop1D::HIS3MX6), and JHY6 (BY4741
sey1D::kanMX4 rtn1D::HIS3MX6). For endogenous level expression of
Sey1p, the full coding region of Sey1p plus an N-terminal HA tag and 300 bp
upstream and downstream sequences was amplified and inserted into the
BamHI/PstI site of pRS315 (a LEU2/CEN plasmid). Similarly, Yop1p-FLAG
and Rtn1p-Myc, with their endogenous promoters, were inserted into the
BamHI/XbaI site of pYC2/CT (a URA3/CEN plasmid), with the original GAL
promoter removed. The plasmid encoding GFP fused to the C terminus of
Sey1p was constructed by replacement of the coding region of Sec63p with
that of Sey1p plus its endogenous promoter in the plasmid pJK59 (Prinz
et al., 2000). Sey1p K50A was generated by site-directed mutagenesis. The
plasmids pJK59, encoding Sec63-GFP, and YIplac201/TKC-DsRed-HDEL,
encoding ss-RFP-HDEL (a gift from B. Glick), were used to visualize ER
morphology as described previously (Hu et al., 2008). Yeast cells were imaged
live in growth medium with an Olympus BX61 microscope, UPlanApo 1003/
1.35 lens, Qimaging Retiga EX camera, and IVision version 4.0.5 software.
Immunoprecipitation from Yeast Cells
Yeast membraneswere prepared as described (Hu et al., 2008) and solubilized
in HKMbuffer with 1%digitonin for 1 hr at 4C. After removal of insoluble mate-
rial by centrifugation, extracts were incubated with anti-HA affinity matrix
(clone 3F10, Roche), anti-FLAG affinity gel (clone M2, Sigma-Aldrich), or
anti-Myc antibody affinity gel (clone 9E10, Sigma-Aldrich) at 4C for 4 hr,Cell 138, 549–561, August 7, 2009 ª2009 Elsevier Inc. 559
and then washed with HKM buffer containing 0.2% digitonin. Bound proteins
were eluted with SDS buffer, separated by SDS-PAGE, and immunoblotted
with various antibodies.
SUPPLEMENTAL DATA
Supplemental Data include 15 figures and can be found with this article online
at http://www.cell.com/supplemental/S0092-8674(09)00628-X.
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